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ABSTRACT: The reactiom of eﬁml radicals with ethyl nitrite, nitric oxide
and a mfxture of these, all in the vapor phase, has been studied. The radicals
were produced by the decomposition of diethyl peroxide at 181°C,

© Tha fm=act of G sssulive of these studies cn the mechanisms for
the thermal decomposition of both nitrate and nitrite esters is discussed and
revised mechanisms suggested.
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The research reported herein vas done under task assigament NOL-Re2d-02-1-53.
The results obtained here are of importance for the mschanisms of decomposi-
%ion of nitrite and nitrate esters and indicate certain nscessary revisions
in these mechanisms and in twrn in the mechsnism of thermal decomposition of
nitrate ester propellants.
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THE DECOMPOSITION OF DIETHYL PEROXIDE XN THE PRESENCE OF
NITRIC OXIDE AND ETHYL NITRITE

IRTRODUCTION

Recent stidies in this labtoratory have revealed that in the thermal de-
composition of ethyl nitrate, a major product is ethyl nitrite (n). It seems
guite likely that such products are typical for nitrats esters and an under-
standing of how they arise is basic to an understanding of how nitrate esters
decompose. In a previous report (a) two possible routes to nitrite ester for-
mation were discussed. One route was the reaction of nitrogen dioxide and
alcohole:

cansox + 280, — caxseso + HONO, (1)

It wvas pointed out that this route was insdequate to explain the amount of
nitrite ester formed.

The other route discussed invoived the reaction of alkoxyl radicals with
nitric oxide:

CoHGO* + B0 —> C,H.ONO (g)

Evidence on the feasibility of this route was found in studies on the thermal
decomposition of nitrite esters. This reaction which 18 quite similar ¢c the
thermal decomposition of nitrate esters has been thoroughly studied (b) and
the following mechanism is currently accepted:

CoHsON0 — C H-0° + NO (3)
:

CoHs0+ + C,H 0RO —= C,H.OH + CH,CONO (4)

CH;CHONO — CHqCHO + NO (5)

Comparison of this with the mechanism suggested for nitrate esters (c) shows
thit they are analogous and any evidence gained about the mechanism of nitrite
ester decomposition would have direct bearing on the mechanism of nitrate ester
decomposition.

The decomposition of all the nitrite esters studied (b) follow first order
kinetics. This requires that the reverse of the initisl step, i.e. reaction (2)
murt be very slow ccmpared with the second step, reaction (i), It seemed that
if this vere so then the same thing wouid be true for nitrate esters and reaction
(2) as a route to the nitrite esters would be invalid.

Tt is somevhat puzzling to consider that reaction (2) should be slow com-
pared to (4). Reaction (2) is a reaction between two free radicals and probably
has an activation energy that is zero, or very low (d). It would be expscted
to be a very fast reaction.




It therefore seemed desirable to investigate this point further. It
has been possible to compare the relative velocities of reactions {(2) and
(k) Alrectly and the results of this investigation are the basis of this

‘ report.

The Basis of the Experimental Method

The de ition of diethyi perexide has recently besn studied by Haxris
and Egerton (e) in a static system over a prussure rang of 2 €0 30 cm. and by
Rebbert and Laidler (f) at very low presswres, using o flow syatem wherein the
peroxids was carried along in a large excess of tolmsne vapor. The evidance
indicates ¢hat the first step in the diethyl percxide decopositicn is

CH 000 B, —m= 2C,H.0- | (6)

sbout 130 mimutes (g). By beating a mixture of diethyl peroxids, mitric oxide
amd ethyl rdtrite at 1819C for a few mimmtes it should be possible iz essence
40 genarate ethoxyl redicals in the precence of athyl nitrile and nitric axide
mwumwwmomumugn-mwmsumuw
couparative miceities of reactions (2) and (&),

Experimsntal Part
Chemicals

The ethyl niirite used was prepared in standaxd faghion (), aistilled and
a xiddle frection takea. It was stored in sealed ampules ia a refrigerator.

The nitric cxide wsed was purchased from the Matheson Company and was
certified as 90% pure. It vas used directly from ths cylinder but further pur-

1ficetion vas effected by allowing the tuabe on the buldb filling appexatus con-

taining the nitrisc axide to wary 3 only onough to generats a sufficient pressure

of nitric oxide. In this way the higher nitrogen axides which are the chief
ispurity vere retaioed in the tSbs. When o glessrhotomatric cell was filled
this wvay apid analysed for nitrogen dicxide at 4050 X it was found to de com-
plately trenansyenmd

The dietihr]l peroxide used was prepared as described by Hexris and Egerton
(e). The fina) Aistiilotics at atmospheric pressure yielded a product boiling
at 62,5 - 63.5°C. The mass spectrographic pattern is shown in Tebis 1.

o
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Table 1
The Mass Spectrograpnic Pattern for Diethyl Peroxide

m/e  Intensity m/e Intensity m/e  Iatensity m/e  Intensi
90 16 k6 2.32 3 27 19 L. 73
(" 1.91 b5 33 30 5.3 15 17.7
62 30.6 b kT3 T 29 100.0 1k 2,77
61 2.02 b3 b 28 18.7
59 3.56 k2 1.79 27 15.8
47 3.04 by 2.05 26 3.3

This pattern is quite similar to that reported by Rebbert and Laidler (f).
Here, too, the 29 peak is the strongest and the parent peak is at 90. The
presence of a small peak at Th shows that ethyl ether is present but it is dif-
ficult to assess the amoumt. At any rate, the purity was considered sufficient
for the experiments in prospect.

The Analytical Technique

In Mgwe 1, the infrared spsctrum of pure ethyl nitrite taken on & Perkin-
Elmer Mo2el 23 Double Beam Infrared Spectromster is compared to the spectrum of
the products obisined vhen diethyl peroxide is heated with nitric oxide at 181°C.
It is clear that ethyl nitrite is the product of this reaction. The psak cen-
tering at 12.85 /A vas that used for the analysis of ethyl nitrite. Diethyl
peroxide, its decomposition products, and nitric oxide were found to be trans-
parent in this region. The analysis then simply involved measuring the optical
density of the decomposition mixtures at this point and dividing it by the Beer's
lav constant for ethyl nitrite.

The Beer's lav constant for e nitrite at 12,8544 for a pressure of 1 mm.
and a cell lepgth of 1 mm, is O. T + 0.00002. (a).

The Experimental Messuremsntis

The expsriments vere carried out bty imgersing bulbs filled with the appro-
priate gases in a constant temperature bath for the appropriate tims. The
reaction was stopped by immersing the bulbs in cold water and the contents vere
transferred to an infrared cell., This technique is described completely in a
previcus report (a). It =sy be noted that in prepearing gas mixtures containing
ethyl nitrite the ethyl nitrite pressure vas meagurved opticaliy. At the same
time that the ethyl zitrite vas admitted to a reaction bulb it vas admitted to
an infrared ceil. The pressure vas then measured by taking the optical density
of the gas in the cell at 12.85M. This gave a more accurate pressure measure-
ment since the B2er's lav comstent is calculated on the basis of a large mumber
of presawre measurements snd hence 1s more accurate than a direct pressure
reading or the mapometer would be.

-3 -
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Regults
The experimental results are summarized in Table 2.
Table 2

Products of the Decomposition of Diethyl Peroxide (DEP) in the
Presence of Ethyl Nitrite and Nitric Oxide at 181°C

F Pres- Fractional

Initial Pressurel (mm,) Time sure" of CoH50R0 Yield?2 of
Bxpt. [DEP NO  CoHsONO (min.)  CoH50MO Produced CoH50NO
1 1.0 22,0 .- 1.0 3.7 3.7 0.17
2 10.0 k2.0 —e 1.0 5¢5 5.5 0.28
3 10.0 75.0 .- 1.0 3.9 3.9 0.19
% 11.0 22,0 .- 2.0 3.7 3.7 0.17
5 1.0 23.0 .- k.0 - 13.b 13.4 0.61
6  13.8 23.5 --- 8.3 16.0 16.0 0.58
T 120 22.0  -- 6.0 L B 1h.1 0.59
g 11.5 M0 0 --- 6.0 15.1 ' i5.1 0.66
9 11.0 22,0 0.5 5.0 . 22.8 12.3 0.56
10 1.0 22.0 .- 4o 12,2 12.2 . 0.56
n o 12.8 200 ko 20.2 0.2 o2
12 140 --- 20.0 60 20,9 0.9 ---

pased on a theoretical yleld of 2 moles of ethyl nitrite per mole of dlethyl
peroxide.

Barris and Egerton (e) have reported a slight induction pericd for the de-
composition of diethyl peroxide. This period is lengthened by the addition of
nitric oxide. Thus 30% nitric axide increased it from 6 seconds to about 2 min-
utes at 170°C. Tae low yield in expts. 1-4 is attributed to incomplete dscampos-
ition of the diethyl peroxide due to this effect. lowered yleld in expt. 3
as compared to expt. 2 is attributed to the greater inhibition in expt. 3 due to

the greater amount of nitric oxide. Juiging from expts. 4, 5, 6 and T a period

of four minutes heating was cufficient to give the maximm yield for the given
PTCBIUTSE »




B R — et e et it s e e LR .
- S e et e e e e e S - s kb

At g 181 s £ X =

NAVORD Report 26596

Experiments 9 and 10 are a direct msasure of ths xreiative reactivity of
pitric oxide 2nd ethyl nitrite with the ethoexyl #adical. In expt. 10 as
much ethoxyl reacted with nitric oxide in the presence of an amount cof ethyl ]
nitrite equal to the nitric cxide as did in expt. 9 vhere no ethyl nitrite f
vag present. This indicates that the ethoxyl - nitric oxide reaction is much !
nore rapid than the ethoxyl - ethyl nitrite reaction at this tempereture. B
Experiments 1l and 12 are even more decisive, On the basgiz of two moles of
ethoxyl radicsl per mole of diethyl peroxide more than enough diethyl peroxide
vas present %0 decompose all the ethyl nitrites in each experimont. Instead no
deco=position occurred. The slight increases observed may be attributed in
Mtothoanal;**calorrwaminpmwtbepouibhfonat:l.onotathyl 1
nitrits from smell amowmts of aitrie oxide present in the ethyl nitrite.

It is not clear vhat happens to the eilioxyl redicals in expts. 11 and 12.
mmtimwmmaemcmammummt ushwaonly
minor absorption at the acetaldeshyde carbonyl abtscaption at 5 Dus to the
tendancy of formaldehyds tc polymerize to paruformellehyds 1ts pressure :

13toolwtomwanyconcluimtobomachodonihpreunabyumof il

the infrared spectrum.

It is somevhat puzzling that the maximm yield of ethyl nitrite was only
about 0.66. If this were due to & competition between (%) and some other re-
wuuacftheotho:ylradicalitvonldmfhatdoubnngthamtﬂc oxide
pressure, expte. & and 7, would increase the yleld more than it 41d. It is
possiblie altermatively that this is 4in part duc ¢ = Lxpurity in the dlsthel
peroxide. The mass spectrograph pattern Mica.ted the presence of ethyl ether,
although the smcunt 1s wncertain. When & saaple of disthyl percxide was heated
by itself to complete dscomposition & pressure increase of 108f was obtatned.
Harris and Egerton (e) report a pressure incresss of about 117% for their
samples s0 that it would seem that by this test the material used here was of
comparable purity. Since in any case a substantial yleld of ethyl nitrite

could be obtained it was possible to test the point at issus and this aspect
of the experimental work was not pursued further.

The Mechanism of the Decomposition of Alkyl Ritrites

In considering a mechanism for this reaction, the following ocbservations
nade by Steacie may be considered. Nitric oxide vas a major product, On the
basis of ome nitric oxide molacule psr molecule of nitrite decomposed, the
yields vere sbout 90%. In addition varying small amounts, 1 -~ 10%, of carbon
monoxide ware present as well as small amounts of inert gases. The analysses
used by Steacie and Shav (g) to establish the presence of alcohols ard aldehydes
as ¢he producis were not quantitative but it is quite certain that these preo-
ducts vere present in more tham trace amount. (Kornblum and Oliveto (h) have '
secently reported the Tormaticn of 2-oetanol in 80§ yleld in the mo]you of
1iquid 2-octyl nitrite:)

It is Qouktful vhethar any arguments can be baged on the pressure increases
observed during the reaction. 7Thess varied from 60§ for n-butyl nitrite to
100% for n-propyl nitrite. The final pressures vers not constant in any case.
The presence of taxry materials in the case of n-propyl and n-dutyl nitrites is
arother complicating factor.

-5«

o p——,




e ettt e — e i e ot e et i . e e e . e e s s bt S i o o ek RESS: S

NAVORD Repart 2696

It seems quite likely that the first step in the reaction is (3). The
steps tmwntud by Rice and Rodowskas to give the alcohol and aldehyde must,
in the light of the results of Table 2 be mcm'cct. The only plausible
route left for these is

cggso- + Cplis0* —> CoHgOH + CHyCHO (7)

Steps 1ike (7) have been proposed before for alkoxyl radicals (1,J) dut
(k) has been preferred to (7) because of the much higher concentration of the
alkyl nitrite as compared to the alkoxyl radical. This fastor is apparently
offset by the wmich lower activatiocn energy of (7). Step (7) is probably accom-
panied by the reaction suggested by Rice and Rodowskas

l\;-e cn?l +GH20 ] (8)

Since (7) is bimolecular and (8) is ummolscular, it will be seen that lower
pressures will favor (8) anmd the yield of ethyl alcohol and acetaldehyde as
compared to formaldshyde would depend on the pressure and temperature. 3Since

as mentioned esrlier the infrared spectrum of the products in expt. 11 indicates
that little acetaldehyde vas formed, it appears that at these pressures and at
this temperature, (8) predominates over (7). In the other extreme, the pyrolysis
c? 2-0ctyl nitrite ia the liquid phase, the high yiald of alcohol and ketone 1is
consistant with the relatively high concentration of alikoxyl radicals.

‘Rice and Rodowskes have written es a further reaction of the methyl radical
:
cn3- + macnecuo —> CH, + c%gom ' (9)

Since in expt. 11 and 12 there was no induced decomposition of the ethyl nitrite,
it apyears that here ths true fate of the methyl redicals 1s

2CH;» —> CgHg - (20)

This resalt is similar to one féund by Pebbert and Laldler in the ddethyl perox-
1de decomposition, Despite the presence of a largs uxcess of toluens the major
product was ethene and only small a=cwnts of msthame anl &ibsnsyl, peoducts of

Thye + CglsCHy -—> CHy + CglgGH,e
eogisty” —> OOl

vere found.

The presence of carbon mcnoxide in the products can be explained here,
as it vas in the case of disthyl pororide, (e,f) on the basis of a redical-
induced decosposition of the aldshydas.

It thus appears that = -atiafu:tor{ ?1 ) th. alkyl nitrite decomposi-
tion 1s “epresented by equations (3) (’( vith the sequence (3) (7)
predominating at higher pressures and (3) (8)
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Effect of Results ¢¢ Mechanism of Ethyl Nitrate Decomposition

It 18 now elear that (2) is a perfectly reasonable route to nitrite ecter
formation in nitrate ester decamposition. IV may be incorporated into a re-
action nechmi- and the following sequence of cqua.tiom 1o ons possible scheme:

"gonoo——écgnzo-+m2
CH0- + RO —> C,H 0RO,
Cgis0- + 50 —> Colscmo
. CH0. —> CHye + CE0
cn3.+1!62-—-> cn3§162
c33,+no2—-> CH,,0R0
RO, + CH,0 —> NO + CO + CO, + H,0

A1l af the \wnn#- Lol 47 the athvl nitweta daas tion sre goooumtad for

A o d Whay s  8dds We WS WS \-% v—vu N YRS NG
by the above sequenca, There are some serious defects in it. The amy of

'I:-h:,'l aitrite found in the ethyl nitrate deccnposition regquire that simost one
nitrite iz formed per nitrate molecule decomposing. The above scheme does not
furnish enough nitric oxide to meet this requirement. Murtbermore nitromethane
apd methyl nitrite were found only ia small amounts and at the end of the ra-
action. The above mechanism implies thet they would be formed throughout the
course of the reaction and in appreciable amount.

The above mechanism does account for the products found better than the
previous one {c) and despite the defects pointed out above it can serve as a
basis for discussion and as a stimulant to idsas for research in the future.

Summary

The reaction between ethoxyl radicals and nityic oxide at 181°C has been
studied using the decomposition of diethyl peroxids as the source of ethoxyl
radicals. It has been found that ethyl nitrite is formed, The rate of re-
action of ethoxyl radicals with nitric oxide at 181°C has heen found to be
much greater than that with ethyl nitrite. Decamposition of diethyl peroxide
in the presence of etbyl nitrite in fact shcws no evidence of reaction involving
the nityrite ester.

The implications of these results for the mechadisms of the thermal decom-
position of nitrite and nitrate esters are discussed and revised mechanisms
suggested.

-7 -
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PRODUGCT OF C,HgO0C,Hs-NO REACT ION

===PURE CoHgONO (CURVE DISPLLACED DOWNWARD)
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